Enhanced prostaglandin production during fungal infection could be an important factor in promoting fungal colonization and chronic infection. Host cells are one source of prostaglandins; however, another potential source of prostaglandins is the fungal pathogen itself. Our objective was to determine if the pathogenic yeasts Cryptococcus neoformans and Candida albicans produce prostaglandins and, if so, to begin to define the role of these bioactive lipids in yeast biology and disease pathogenesis. C. neoformans and C. albicans both secreted prostaglandins de novo or via conversion of exogenous arachidonic acid. Treatment with cyclooxygenase inhibitors dramatically reduced the viability of the yeast and the production of prostaglandins, suggesting that an essential cyclooxygenase like enzyme may be responsible for fungal prostaglandin production. A PGE series lipid was purified from both C. albicans and C. neoformans and was biologically active on both fungal and mammalian cells. Fungal PGE x and synthetic PGE 2 enhanced the yeast-to-hypha transition in C. albicans. Furthermore, in mammalian cells, fungal PGE x down-modulated chemokine production, tumor necrosis factor alpha production, and splenocyte proliferation while up-regulating interleukin 10 production. These are all activities previously documented for mammalian PGE 2 . Thus, eicosanoids are produced by pathogenic fungi, are critical for growth of the fungi, and can modulate host immune functions. The discovery that pathogenic fungi produce and respond to immunomodulatory eicosanoids reveals a virulence mechanism that has potentially great implications for understanding the mechanisms of chronic fungal infection, immune deviation, and fungi as disease cofactors.
Prostaglandins are potent regulators of host immune responses. They are produced following the action of a cyclooxygenase on dihomo-␥-linolenic, arachidonic, or eicosanopentaenoic acid (20) . The activities of prostaglandins on mammalian cells are numerous. Prostaglandins can inhibit Th1-type immune responses, chemokine production, phagocytosis, and lymphocyte proliferation (1, 11, 16, 18, 20, 23, 26, 27) . Prostaglandins can also promote Th2-type responses and tissue eosinophilia (4, 16, 20, 24) . In the context of anti-fungal immunity, chronic or disseminating fungal infections will result if the Th1-Th2 balance of cellular immunity is shifted away from Th1-toward Th2-type responses (21) . The role of prostaglandins in promoting fungal virulence remains to be determined. However, elevated prostaglandin levels have been observed in chronic Candida albicans infections (28) . Thus, enhanced prostaglandin production during fungal infection could be an important factor in promoting fungal colonization and chronic infection.
Host cells are one source of prostaglandins during fungal infection; however, another potential source of prostaglandins is the fungal pathogen itself. There have been reports in the literature of eicosanoid production by slime molds and soil fungi (12) . Our objective was to determine if the pathogenic yeasts Cryptococcus neoformans and C. albicans produce prostaglandins and, if so, to begin to define the role of these bioactive lipids in yeast biology and disease pathogenesis.
MATERIALS AND METHODS
Determination of prostaglandin concentration by ELISA. C. neoformans strains 24067E and H99 and C. albicans strain CHN1 (a clinical isolate) were grown to stationary phase (72 h) at 25°C in Sabouraud dextrose broth (SDB) (1% neopeptone, 2% dextrose; Difco, Detroit, Mich.) or asparagine broth (AspB) (0.1% asparagine, 0.05% MgSO 4 ⅐ 7H 2 O, 0.3% glucose, 0.0001% thiamine; Sigma Chemical Co., St. Louis, Mo.) with shaking. The culture supernatants were analyzed for prostaglandin production using a monoclonal PGE 2 enzyme-linked immunosorbant assay (ELISA) (Cayman Chemicals, Ann Arbor, Mich.) or a prostaglandin screening enzyme immunoassay kit (the specificity is described in Results; Cayman Chemicals).
HPLC analysis of arachidonic acid metabolites secreted by C. neoformans. Strain 24067E was grown to stationary phase (72 h) in SDB, and 5 ϫ 10 6 CFU was incubated with 0.5 Ci of [ 3 H]arachidonic acid (DuPont-NEN, Boston, Mass.) in 1 ml of SDB at 37°C for 30 min. Lipid residues were extracted using Sep-Pac C 18 cartridges (Waters Associates, Milford, Mass.), evaporated under nitrogen, and stored at Ϫ70°C. The dehydrated samples were then dissolved in 1 ml of acetonitrile-water-trifluoroacetic acid and analyzed by reverse-phase high performance liquid chromatography (HPLC) on a 5-m Bondapak C 18 column (30 by 0.4 cm; Waters Associates) using a mobile phase of acetonitrile-watertrifluoroacetic acid at a flow rate of 2 ml/min. Arachidonic acid metabolites were eluted during a series of linear gradient increases of acetonitrile from initial conditions of 50:50:0.1 (vol/vol/vol) to 73:27:0.1 (vol/vol/vol) at 7 min, then to 85:15:0.1 (vol/vol/vol) at 9 min, and finally to 100:0:0.1 (vol/vol/vol) at 15 min. The eluate was continuously monitored for UV absorbance, and peaks were identified on the basis of their coelution with authentic standards. Radioactivity was quantitated by liquid scintillation counting.
Cyclooxygenase inhibitor assay. C. neoformans strain H99 and C. albicans strain CHN1 were grown in SDB for 24 h at 25°C. Indomethacin (Sigma Chemical Co.) was dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of 100 mM. Indomethacin was added to the yeast cultures to give a final concentration of 1.0 mM, while the control cultures contained DMSO alone. The cultures were incubated with shaking for an additional 24 h at 25°C. Purification of fungal PGE x . C. neoformans strain H99 and C. albicans strain CHN1 were grown to stationary phase (72 h) in SDB at 25°C. The culture supernatants were loaded onto a PGE 2 affinity column (Cayman Chemicals), washed, and eluted according to the manufacturer's instructions. The eluates were dried and resuspended in buffer, and the PGE x concentrations were determined.
C. albicans germ tube assay. A standard germ tube assay was performed in which C. albicans was resuspended in 100% fetal calf serum (FCS) (Sigma Chemical Co.), purified PGE x was added to the cell suspension to give final concentrations of 0.33 nM PGE 2 and 66% FCS, and the cells were incubated at 37°C for 2 h. Samples were removed in duplicate, and 400 cells were counted under 200ϫ power using phase-contrast microscopy. The mean numbers of budding yeast forms and germ tube forms were determined.
Mitogen-induced lymphocyte proliferation and cytokine production. Splenocytes were harvested from CBA/J mice and plated in 96-well tissue culture plates at 5 ϫ 10 5 /well with a 0.65 nM (250 pg/ml) final concentration of purified fungal PGE x or commercially available PGE 2 (Cayman Chemicals) and 5 g of conconavalin A (ConA) (Sigma Chemical Co.)/ml. The cultures were incubated for 48 h at 37°C and pulsed with 5 Ci of [ 3 H]thymidine/ml for an additional 16 h at 37°C. The cells were harvested on paper filters, and the amount of [ 3 H]thymidine incorporated was measured by liquid scintillation counting. For cytokine production, cell supernatants from ConA-stimulated splenocyte cultures were harvested after 24 h of incubation at 37°C, and cytokines were measured by ELISA for interleukin 10 (IL-10) and tumor necrosis factor alpha (TNF-␣; BD PharMingen, San Diego, Calif.).
Cytokine production by human epithelial cells. A549 human epithelial cells were trypsinized and plated on 12-well tissue culture plates at 10 5 /well. The cells were grown to confluency (24 h ) and treated with a 0.65 nM (250 pg/ml) final concentration of purified fungal PGE x or commercially available PGE 2 (Cayman Chemicals). For IL-6 induction, TNF-␣ (10 ng/ml) was added to the cultures. The culture supernatants were harvested after 24 h, and the cytokines were analyzed by ELISA for IL-8 and IL-6 (BD PharMingen).
Statistical analysis. Student's t test (two tailed; unequal variance) was used to analyze the significance of differences between experimental groups. Data with a P value of 0.05 or less were considered to be significant.
RESULTS
To determine whether C. neoformans could produce prostaglandins, broth cultures of strain 24067E were assayed by monoclonal anti-PGE 2 ELISA. The different classes of prostanoids (PGA, PGB, PGD, PGF, and TXB) have the same basic molecular structure, differing only in the oxygen substitution of the five-membered ring portion of the lipid. The PGE 2 ELISA utilized in these experiments exhibits cross-reactivity with prostaglandins of the E class only, which includes PGE 1 (19%), PGE 2 (100%), and PGE 3 (43%). The PGE 2 ELISA does not recognize prostanoids of the PGA, PGB, PGD, PGF, or TXB class or isomers of PGE 2 . Thus, we will refer to the prostaglandins detected as PGE x . The yeasts were grown to stationary phase (72 h) in AspB, a defined minimal medium of salts, glucose, thiamine, and asparagine. PGE x was detected in C. neoformans AspB culture supernatants (34.2 Ϯ 8.2 pg/ml). We also detected PGE x in culture supernatants from C. neoformans grown in SDB, an undefined nutrient-rich broth containing glucose and neopeptone (117.4 Ϯ 29.2 pg/ml). Prostaglandin production was detected at both 25 and 37°C, with slightly higher levels of prostaglandins detected at 25°C (data not shown). Lipids were also extracted from the C. neoformans broth samples and assayed for PGE x . Significant levels of PGE x were detected in the extracts, confirming the lipid nature of these molecules (data not shown). These results demonstrate that C. neoformans can produce and secrete PGE x into its surroundings and can synthesize PGE x without an exogenous source of arachidonic acid (AspB).
We next examined whether C. neoformans could utilize exogenous sources of arachidonic acids to produce eicosanoids. Cryptococci were incubated with [ 3 H]-arachidonic acid to generate labeled eicosanoids for HPLC analysis. The major arachidonic acid metabolite produced by C. neoformans coeluted with an authentic PGD 2 standard. Other cryptococcal eicosanoids coeluted with authentic HHT, 5-HETE, PGF 2 , TXB 2 , and PGE 2 (Fig. 1) . Interestingly, we also detected large amounts of two other eicosanoids, U1 and U2 (Fig. 1) . A similar pattern of peaks was observed from HPLC analysis of C. albicans culture supernatant, with the exception that C. albicans has an additional peak that coelutes with 15-HETE (data not shown). Given the heterogeneity of prostaglandin products detected by HPLC, a polyclonal prostaglandinscreening ELISA was used to analyze total prostaglandin levels. This ELISA detects PGE 2 , PGD 2 , and TXB 2 along with PGE 1 , PGE 3 , PGF 1␣ , PGF 2␣ , and PGF 3␣ . It does not detect the PGA class, PGB 1 , 15-keto PGE 2 , 13,14-dihydro-15-keto PGF 2␣ , or misopristol. For C. neoformans, we detected higher levels of prostaglandins with the prostaglandin ELISA (Ͼ1,500 pg/ml) than with the monoclonal PGE 2 ELISA (ϳ120 pg/ml), confirming the results of the HPLC analysis (Fig. 1) . Thus, C. neoformans can utilize exogenous sources of arachidonic acid to produce a number of different eicosanoids.
To determine whether other pathogenic yeasts also produce prostaglandins, we assayed the prostaglandin levels in broth cultures of a number of C. albicans and C. neoformans strains. C. albicans strain CHN1 secreted significant amounts of prostaglandins (Ͼ1,800 pg/ml), including PGE x (ϳ130 pg/ml, comparable to the levels produced by C. neoformans strain 24067E PGE x [ϳ120 pg/ml]). A number of clinical and laboratory strains of C. neoformans (H99, 145, 184, and 602) and C. albicans (28366 and 36082) were analyzed, and all produced significant amounts of prostaglandins in culture, although there was strain-to-strain variation in the levels even when they were normalized to numbers of CFU (data not shown). Similar to C. neoformans, C. albicans synthesized prostaglandins de novo (in AspB) and in greater quantities if the medium was supplemented with exogenous arachidonic acid (data not shown). Altogether, these results demonstrate by three independent assays that the pathogenic yeasts C. neoformans and C. albicans synthesize and secrete prostaglandins, including a PGE series compound (PGE x ).
We next tested the effect of cyclooxygenase inhibitors on fungal PGE x production and fungal growth (Fig. 2) . Cyclooxygenases are the enzymes that catalyze the conversion of arachidonic acid into the prostaglandins in mammalian cells. The cyclooxygenase inhibitor indomethacin was added to exponentially growing cultures of C. neoformans and C. albicans and incubated with shaking for an additional 24 h. Indomethacin inhibited C. neoformans and C. albicans PGE x production by 65 and 54%, respectively ( Fig. 2A) . Strikingly, indomethacin treatment also sharply reduced the viability of these fungi. After 24 h, 99.9% of C. neoformans and 95.7% of C. albicans cells were killed (Fig. 2B) . Similar decreases in viability were observed with the cyclooxygenase inhibitors etodolac and piroxicam (data not shown). Therefore, the decrease in yeast viability and PGE x production was not due to a nonspecific toxicity of indomethacin for the yeast cells. Thus, cyclooxygenase plays a critical role in fungal metabolism (including PGE x production), and inhibition of cyclooxygenase activity decreases the viability of C. neoformans and C. albicans.
To assess the activities of fungal prostaglandins on fungal biology, we examined the effects of purified fungal PGE x on germ tube formation in C. albicans (Fig. 3) . Germ tube formation is the initial step in the yeast-to-hypha phase transition. Using an affinity purification system with the same monoclonal PGE 2 antibody used in the ELISA, we specifically isolated PGE x from both C. albicans and C. neoformans and compared it to commercially available PGE 2 . The addition of affinitypurified Candida PGE x to C. albicans yeast cells enhanced germ tube formation (Fig. 3) . Affinity-purified Cryptococcus PGE x and commercial PGE 2 also enhanced germ tube formation in C. albicans (Fig. 3) . The addition of indomethacin completely blocked germ tube formation induced by serum alone (data not shown). However, no viable Candida yeasts were recovered after indomethacin incubation (data not shown), confirming the results shown in Fig. 2B indicating that cyclooxygenase activity is required for yeast viability. Thus, both host PGE 2 and fungal PGE x can enhance yeast-to-hypha phase transition in C. albicans.
To assess the activity of fungal prostaglandins on mammalian cell biology, we addressed whether fungal PGE x can modulate mammalian-cell cytokine production and proliferation as has been reported for mammalian PGE 2 . The four assays used were (i) inhibition of mitogen-induced lymphocyte proliferation, (ii) inhibition of TNF-␣ production, (iii) enhancement of IL-10 production, and (iv) inhibition of chemokine production (11, 23, 26, 27) . We chose to test the biological activity of the fungal PGE x throughout these studies at a concentration (0.65 nM) that might be found in tissue at a site of infection (in vitro experiments typically use between 10 and 1,000 nM). Murine splenocytes were stimulated with mitogen (ConA) in the presence or absence of 0.65 nM commercially available PGE 2 or PGE x purified from C. albicans or C. neoformans. Fungal PGE x and PGE 2 both suppressed ConA-induced lymphocyte proliferation (Fig. 4) . The human epithelial cell line A549 constitutively produces the CXC chemokine IL-8. Fungal PGE x and PGE 2 both reduced IL-8 production from the bronchial epithelial cell line (Fig. 5A) . While the inhibition of IL-8 production was not dramatic (23 to 32%), this low dose of fungal PGE x did produce a measurable effect. PGE x from both C. albicans and C. neoformans also inhibited TNF-␣ production and enhanced IL-10 production by mitogen-stimulated splenocytes (Fig. 6) . The PGE x preparations used in these assays did not affect phorbol myristate acetate-ionomycin-induced proliferation of the splenocytes or IL-6 induction by the A549 cells, thereby verifying that the preparations did not contain a toxic contaminant (Fig. 4 to 6 ). These experiments demonstrate that even at low levels fungal PGE x is biologically active on mammalian cells and has activity similar to that reported for mammalian PGE 2 (23, 26) .
DISCUSSION
These studies have identified a group of extracellular signal molecules in fungi which are biologically active on both fungi and mammalian cells and can modulate host defenses. We have concentrated on the activity of one of these bioactive lipids, PGE x . It is tempting to assume that the identity of our purified fungal PGE x is truly PGE 2 because the PGE 2 monoclonal antibody used to detect (by ELISA) and affinity purify fungal PGE x binds PGE 2 with the highest affinity. However, the antibody does cross-react with prostaglandins of the E class (PGE 1 members of the PGA, PGB, PGD, PGF, or TXB class. Eicosanoids are biologically active lipids derived from dihomo-␥-linolenic acid, arachidonic acid, and eicosanopentaenoic acid (C 20 polyunsaturated fatty acids [PUFA] which differ only in the number of cis double bonds). Prostanoids are a subfamily of eicosanoids, characterized by an enzymatically generated ring structure, which includes the prostaglandins and thromboxanes. The different classes of prostanoids are denoted by a letter representing the oxygen substitution on the ring structure and by a number representing the number of cis double bonds in the lipid. In mammals and other higher eukaryotes, the initial step of eicosanoid biosynthesis is catalyzed by cyclooxygenase. We have demonstrated that prostaglandin production by pathogenic yeasts also involves a cyclooxygenaselike pathway and that the yeasts can metabolize exogenous arachidonic acid to form eicosanoids that coelute in HPLC analysis with known prostanoids. Future studies (including mass spectrometry) will determine whether PGE x is PGE 1 , PGE 2 , PGE 3 , or a mixture of E series prostaglandins.
Fungal prostaglandin production occurred de novo, but greater quantities were produced via metabolism of exogenous arachidonic acid or other fatty acids (found in SDB). Arachidonic acid-derived eicosanoid production has been reported in nonpathogenic yeasts (3, 9, 12, 13) . The nature of the eicosanoids produced by these fungi varies from species to species, and most require exogenous substrates. Arachidonic acid is common and abundant in protistan fungi and certain true fungi, such as the oomycetes and zygomycetes. However, the occurrence of arachidonic acid in other true fungi, including pathogenic yeasts, is sporadic (7). Arachidonic acid was detected among the very long chain fatty acids (C [19] [20] [21] [22] [23] [24] [25] ) of the yeast Rhodotorula (19) . The occurrence of arachidonic acid in C. neoformans and C. albicans has not been verified (6, 15) . It is possible that the growth conditions and/or methods of fatty acid extraction and identification were not optimized for detecting very long chain fatty acids. Our studies and a recently published report have demonstrated that C. albicans can take up and metabolize exogenous arachidonic acid (5). Thus, both C. neoformans and C. albicans can utilize exogenous sources of arachidonic acid for eicosanoid synthesis. This opens up the possibility that host-derived arachidonic acid may be used by fungi for prostaglandin synthesis. It is also possible that the fungal prostaglandins are not derived from arachidonic acid but are produced from shorter-chain PUFA. We have also identified that phospholipase B mutants of C. neoformans have defects in prostaglandin synthesis (M. C. Noverr, unpublished observation), suggesting that phospholipase may participate in PUFA release. The identity of the C 20 PUFA determines the type of prostanoid produced (i.e., dihomo-␥-linolenic acid, arachidonic acid, and eicosanopentaenoic acid serve as the substrates for PG 1 , PG 2 , and PG 3 series prostanoids, respectively). Future studies will focus on identifying the endogenous substrates for prostaglandin synthesis. Overall, our data demon- strate that fungal eicosanoids can be synthesized from exogenous (host?) or endogenous (fungal) substrates.
We have demonstrated that cyclooxygenase plays a critical role in fungal metabolism. In mammals and other higher eukaryotes, the initial step of eicosanoid biosynthesis is catalyzed by cyclooxygenase. Although a fungal cyclooxygenase has not been identified, the cyclooxygenase inhibitors indomethacin, etodolac, and piroxicam all block PGE x production by C. neoformans and C. albicans. We cannot rule out the possibility that decreases in prostaglandin production caused by these inhibitors are due to decreases in viability (as opposed to inhibition of cyclooxygenase activity). In preliminary studies, we have identified a cyclooxygenase-cross-reactive protein in C. neoformans cell lysates by Western blotting with an anti-rat cyclooxygenase antibody (data not shown). Cyclooxygenase inhibitors have also been shown to arrest the growth or prevent the sexual maturation of some species of environmental fungi (2, 10) . The data shown in Fig. 2 suggest not only that a cyclooxygenase-dependent metabolic pathway is found in C. albicans and C. neoformans but that blocking this pathway kills the yeast. Thus, these signal molecules (prostaglandins and other eicosanoids) appear to be generated via a conserved biochemical pathway that is important in both fungal metabolism and host defense.
The most striking aspect of these studies is that fungal PGE x exhibits the same activities reported for mammalian PGE 2 in the five assays tested in this report. Fungal PGE x was active on mammalian cells and could down-modulate chemokine production and TNF-␣ production and proliferation while upregulating IL-10 production. Furthermore, fungal PGE x could also promote Candida germ tube formation. These are all activities previously documented for mammalian PGE 2 (8, 11, 23, 26, 27) . This observation offers a potential mechanism to explain the recent reports that chemokine production by endothelial cells is inhibited by live, but not killed, cryptococci (17) . In addition, the observation that C. albicans produced and responded to PGE x ( Fig. 2 and 3 ) provides a microbiological explanation for the ability of human PGE 2 to enhance C. albicans germ tube formation (8) . The germinated hyphal form of C. albicans is better able to adhere to and penetrate host tissues than the yeast form (22, 25) . Thus, it is likely that fungal PGE x is important in C. albicans pathogenesis, and host PGE 2 could actually exacerbate the infection.
Given the biological activity of the purified fungal eicosanoids, they have the potential to mediate host-pathogen "cross talk," in which the pathogen can down-regulate (local) host immune responses at the site of infection and the host can inadvertently augment pathogen virulence. The result of such interactions could be an immunological stalemate, i.e., chronic low-grade infection or parasitism. The most common feature of fungal infections is their chronic persistence within tissues of otherwise healthy individuals, ranging in severity from athlete's foot to chronic vaginitis to pulmonary granulomas (14) . Prostaglandins can also modulate the Th1-Th2 balance of a response and promote tissue eosinophilia, a feature of some chronic fungal infections (1, 16, 20, 24) . While we do not have isogenic strains of prostaglandin knockout yeast, we have identified a laboratory strain of C. neoformans (2E-TuC) that produces less prostaglandin than other clinical isolates (e. g., 24067E, 145, and H99). Interestingly, this low-prostaglandin strain does not induce the pulmonary eosinophilia in genetically susceptible (but immunologically normal) C57BL/6 mice seen with other C. neoformans strains (data not shown). In conclusion, the discovery that pathogenic fungi produce and respond to immunomodulatory eicosanoids reveals a virulence mechanism that has potentially great implications for understanding the mechanisms of chronic fungal infection, immune deviation, and fungi as disease cofactors.
